We investigate the magnetic hysteresis of a superconducting microstrip resonator with a high edge barrier. We measure the magnetic hysteresis while either sweeping a magnetic field or tuning the edge barrier by high microwave current. We show that the magnetic hysteresis of such a device is qualitatively different from that of one without an edge barrier and can be understood based on the generalized critical-state model. In particular, we propose and demonstrate a simple and intuitive method that relies on a plot of the quality factor versus the resonance frequency for revealing the physical processes behind those hysteretic behaviors. Based on this, we find that the interplay between the Meisser current and vortex pinning is essential for understanding the magnetic hysteresis of such a device.
I. INTRODUCTION
Metastability is one of the central pieces characterizing macroscopic properties of superconductors [1] . From a practical point of view, vortex pinning and a surface/edge barrier are particularly important sources of metastability. They can be helpful for reducing magnetic field dependent losses by delaying vortex penetration (surface/edge barrier) and suppressing current-induced vortex motion (vortex pinning) [2] . Their importance is more evident for a planar superconducting device because thin films are effectively strong type-II superconductors regardless of their Ginzburg-Landau parameter [3] .
The most well-known consequence of metastability in type-II superconductors is magnetic hysteresis in M -H curves. The hysteresis of a bulk material is mainly governed by vortex pinning [2] , while the hysteresis due to a surface/edge barrier becomes pronounced in a mesoscopic superconductor [4] [5] [6] [7] . Following this tradition, the magnetic hysteresis of a planar superconducting device has been attributed to vortex pinning based on Bean-type critical state models [8] [9] [10] [11] [12] [13] .
This approach, however, neglects the fact that most of the applied current in a planar superconducting device flows along the edges where the Meissner current is maximized. Because of this high current density, the effects of the Meissner current on the magnetic properties of such a device are amplified and can be comparable to those of vortex pinning, especially if there is a reasonably high edge barrier [14] . Although a series of theoretical studies based on the generalized critical-state model predict * kwon2866@gmail.com qualitatively different behaviors from those without an edge barrier [15] [16] [17] [18] [19] [20] , there has been little experimental study on this with a superconducting device.
In this work, we explore magnetic hysteresis in a superconducting microstrip resonator with a high edge barrier. We show that the predictions from the generalized critical-state model are consistent with our experimental observations. In addition, we propose a plot of Q vs. f −2 , where Q and f are the quality factor and the resonance frequency, as a characterization method for the magnetic hysteresis of a superconducting microstrip resonator. The motivation of this plot is to represent the characteristic relation between the real and imaginary parts of the complex resistivity for each contributioneither quasiparticle generation or vortex motion [14] . Therefore, when there are multiple sources of hysteresis, a plot of Q vs. f −2 allows us to distinguish those sources.
We reveal the physical processes behind magnetic hysteresis through two types of experiments: one is the standard magnetic hysteresis curves of f and Q as a function of a magnetic field, and the other is a measurement of changes in f and Q after applying a high microwave current. We call the latter current annealing. The crucial difference separating current annealing from an M -H curve or its variants is that the height of the edge barrier (more precisely, the Bean-Livingston barrier [21] ) is tuned by the microwave current, not by an external field [22] . If a superconducting resonator is in a metastable state due to the edge barrier, the high microwave current can change the resonator's state via suppressing the edge barrier, resulting in different f and Q values. Hence, this current annealing procedure allows us to investigate how the Meissner current and vortex configuration evolve as we tune the edge barrier without changing an external magnetic field.
II. METHODS
The resonator used in this work is a trilayer superconducting microstrip resonator [23] , whose film composition is Al/Nb/Al with the thickness is of 5/50/5 in units of nanometers. The ground plane is made of a pure Nb layer of 50 nm in thickness. All layers were magnetron sputtered under 5 mTorr Ar pressure. The geometry of the resonator is shown in Fig. 1 . This is the same resonator discussed in Refs. [24, 25] . The details of the film growth conditions are reported in Ref. [24] .
The measurements were performed in a dilution refrigerator. A magnetic field perpendicular to the film H ⊥ was applied by tilting the resonator in a background magnetic field parallel to the microwave current H bg using a goniometer. H ⊥ is obtained by H ⊥ = H bg sin θ. A magnetic field parallel to the microwave current without a perpendicular component is denoted by H . In this work, µ 0 H bg = 0.35 T. The details of the measurement configurations are described in Ref. [14] .
Two different types of cooling procedure were used: zero-field cooling (ZFC) and heat pulsing (HP). For the ZFC procedure, the resonator is cooled without any magnetic field. For the HP procedure, a heat pulse is applied to completely suppress superconductivity, then the resonator is cooled back in field to the target temperature. The HP procedure is used to ensure a uniform vortex distribution and suppress the Meissner current as much as possible such that vortex motion becomes the dominant loss mechanism [14, 26] . In this work, the default cooling procedure is ZFC; the HP data are labeled explicitly. All measurements were made at 0.2 K.
III. HYSTERESIS CURVES A. Expected Hysteresis Curves
Magnetic hysteresis effects in superconductors are determined by geometry, vortex pinning, and an edge barrier. Regarding the geometry, our resonator is in the thin and wide strip limit: d Λ W , where d is the film thickness, Λ is the screening length, and W is the strip width. Here, Λ is given by 2λ coth(d/λ) [27] [28] [29] , where λ is the penetration depth. For our resonator, λ is about 200 nm [25] , which means Λ ≈ 1.4 µm. In this limit, the Bean-Livingston barrier is the dominant edge barrier; the geometrical barrier is unimportant.
As for vortex pinning and an edge barrier, we can consider two regimes based on the critical current density associated with vortex pinning j p and the depairing current density j d . In the strong pinning limit (j p ∼ j d , Beantype critical state models), the hysteresis is primarily due to vortex pinning [30, 31] . Because of the pinning potentials, vortices accumulate near the edges, and the edge barrier is strongly suppressed [32] . In the weak pinning limit (j p ∼ 0), vortex trapping due to an edge barrier is the main source of magnetic hysteresis [15, 16, [33] [34] [35] . In this regime, vortices accumulate at the center because of the repulsive interaction between the Meissner current and vortices. If j p is finite but significantly smaller than j d , the number density of vortices is suppressed near both the edges and the center [15, 17-20, 34, 35] . Moreover, the edge barrier still contributes to the hysteresis significantly. The generalized critical-state model describes the physical process in this regime [15, [17] [18] [19] [20] .
The resonator properties are determined by the complex resistivity ρ 1 +iρ 2 and the microwave current density [14] . Since most of the microwave current flows through the edges, the contribution from the screening current in those regions is amplified several orders of magnitude, and consequently, becomes comparable to the contribution from the rest of the resonator.
1 The screening current density near the edges j Λ contributes to the complex resistivity via quasiparticle generation; the trapped flux Φ tr , via vortex motion [14] . Thus, we start with the hysteresis curves of j Λ and Φ tr . Based on those curves, we will construct expected hysteresis curves of f −2 and Q −1 . The reason for using those quantities is that the magnetic field dependences of Q −1 and f −2 are chiefly determined by ρ 1 and ρ 2 , respectively [14] .
For simplicity, we will consider the weak pinning limit (j p = 0) first. Figure 2 (a) shows schematic diagrams of j Λ and Φ tr as a function of magnetic field perpendicular to a film H ⊥ . At first, only j Λ increases with H ⊥ , and there is no vortex injection because of an edge barrier (process 1). Once H ⊥ reaches the vortex penetration field H p at which j Λ becomes comparable to j d , vortices begin to enter the film (process 2). In this process, j Λ remains largely unchanged. As H ⊥ decreases, j Λ decreases, while the vortices are still trapped by the edge barrier (process 3). The vortices start to be expelled from the film at the vortex exit field H e where j Λ is reduced sufficiently (process 4). Processes 5-8 are identical to processes 1-4 except for the polarity of the vortices and the Meissner are the (anti)vortex penetration and exit fields, respectively. The prime in a letter or a number indicates the field or the process associated with the initial curve. jp is assumed independent from H ⊥ .
current.
Based on Fig. 2(a) , we can construct the expected hysteresis curves of the quantities f −2 and Q −1 as shown in Fig. 2(b) . For process 1 (0 ≤ H ⊥ < H p ), f −2 is completely determined by j Λ because of the absence of vortex penetration. In this case, f −2 varies quadratically with H ⊥ [14] , while Q −1 changes little because the loss induced by quasiparticle generation is much lower than that induced by vortex motion in our experimental configuration [25] . For process 2 (H p ≤ H ⊥ < H max ), Q −1 increases linearly with H ⊥ because vortices are accumulated near the center where the microwave current density distribution is roughly homogeneous; f −2 also increases linearly because of the inductive contribution of vortex motion. For process 3 (H e < H ⊥ ≤ H max ), Q −1 does not change because Φ tr is constant, whereas f −2 drops quadratically. For process 4 (0 < H ⊥ ≤ H e ), both f −2 and Q −1 decreases linearly. Now, j p is finite but still significantly lower than j d , such that a reasonably high edge barrier exists [ Fig. 2(c) ]. The generalized critical-state model predicts a couple of notable modifications [17] [18] [19] [20] : (i) Trapped vortices start escaping when j Λ = −j p (antivortices, when j Λ = j p ).
(ii) Φ tr is finite at zero field and remains finite until the next (anti)vortex penetration field. (iii) During processes 3 (H e < H ⊥ ≤ H max ) and 7 (H min ≤ H ⊥ < H − e ), some of the fluxes move towards the edges, although the total Φ tr is still conserved. This redistribution of vortices is often called flux defreezing [17] [18] [19] [20] .
Applying those differences, the expected hysteresis curves of f −2 and Q −1 are obtained as shown in Fig. 2(d) . 0 is also always finite after the initial curve. Although Φ tr passes zero in processes 2 (H p ≤ H ⊥ < H max ) and 6 (H min < H ⊥ ≤ H − p ), the number of vortices and antivortices is not zero because zero Φ tr is due to a balance between vortices and antivortices. (iv) Q −1 increases during processes 3 and 7 until
e . This is due to the flux defreezing; as vortices move towards the edges, they generate more loss because of the higher microwave current density near the edges.
Note that the rotation directions of f −2 and Q −1 at H max and H min are opposite in Fig. 2(b,d) . This behavior cannot be observed in Bean-type models that predict the same rotation direction for both quantities [ Fig. 2(e) ]. The reason is that vortices, rather than j Λ , are responsible for changes in both f −2 and Q −1 [12] , and both ρ 1 and ρ 2 associated with vortex motion have essentially the same dependence on H ⊥ at sufficiently low temperatures, where the vortex creep contribution is negligible [14, 36] . e . These confirm the validity of the generalized critical-state model for our resonator.
There are also a couple of differences. First, there are anomalies (a peak followed by a dip) in the f −2 . In our previous work, we showed that these frequency anomalies are an indication of release of the Meissner current due to the repulsive interaction between the Meissner current and vortices [14] . Hence, we define the fields at which those frequency anomalies appear as H (−) p and H p .
Secondly, the frequency anomaly associated with H (−) p appeared earlier than was expected in Fig. 2(d) , and was followed by a considerable increase in f −2 (symbols with a dot). This indicates that (anti)vortices start penetrating before j Λ meets ±j d . This is likely due to trapped (anti)vortices. The vortex penetration field associated with the Bean-Livingston barrier is determined by a balance between two interactions; the repulsive interaction between the Meissner current and vortices, and the attractive interaction between vortices and (image) antivortices outside of a superconductor [2] . If there are a number of antivortices trapped inside of the superconductor, an additional attractive interaction between vortices and the trapped antivortices reduces the vortex penetration field. Once vortices penetrate, some of the vortices and antivortices meet and annihilate each other; j Λ can then increase further.
Lastly, after changing the field sweep direction at H max and H min , Q −1 decreases slightly. During that process, the slope of f −2 is less than that expected from quadratic dependence on H ⊥ . This indicates that some vortices are pinned near the edges. Since those vortices are close to the edges and not trapped by the edge barrier, they disappear quickly once we change the sweep direction.
From the discussion so far, we see that the heart of magnetic hysteresis curves in a superconducting device with a high surface barrier is the interchanging role between j Λ and Φ tr : when j Λ changes, Φ tr stays similar and vice versa [ Fig. 2(a,c) ]. This suggests that revealing the dominant physical process for each part of the hysteresis curve is crucial for understanding magnetic hysteresis effects. For this, we use a plot of Q vs. f −2 . Note that, in this plot [ Fig. 3(b) ], the hysteresis curves in Fig. 3(a) form loops rotating clockwise. If there was only one source of hysteresis, then the Q vs. f −2 curves would collapse to a single line regardless of the existence and details of hysteresis because the characteristic relation between the real and imaginary parts of the complex resistivity would be preserved throughout the measurement. Hence, the existence of loops, rather than just a line, shows that multiple sources are contributing to the hysteresis. In this case, they are the Meissner current along the edges of the microstrips and vortex pinning.
Also note that, a process of varying quasiparticle numbers evolves horizontally keeping Q −1 constant, while a process of varying vortex numbers evolves as a nearly vertical line in a plot of Q vs. f −2 [denoted by arrows in Fig. 3(b) ]. The reason is that, for our device in the range of magnetic fields studied, quasiparticle generation is a very inductive process such that Q is dominated by vortex motion [25] . The dominant physical process of each part of the hysteresis curve (denoted by various symbols) were identified in this plot and found to be consistent with those described in Fig. 2(c) .
IV. CURRENT ANNEALING
The current annealing measurements were done by the following procedure: First, H ⊥ is applied after ZFC. Then the excitation power from the vector network analyzer P VNA is applied from low power (−40 dBm) to the power called the current annealing power P CA . Note that as P VNA increases, the spectrum not only shows the Duffing-like nonlinearity but also shifts to a higher frequency as shown in Fig. 4 (solid lines). Once P VNA reaches P CA (+10 dBm for Fig. 4 ), P VNA is reduced to −40 dBm. We call the procedure up to this point the initial current annealing. After the initial current annealing, no spectrum shift is observed for P VNA ≤ P CA (dashed lines). The position of the spectrum from a low-power measurement is completely determined by the highest power prior to the low-power measurement regardless of a history of P VNA .
Each H ⊥ yields different values of f −2 and Q after the initial current annealing, as shown in Fig. 5(a) . Note that the frequency anomaly becomes weaker as P VNA increases, indicating the suppression of the edge barrier. Again, plotting Q vs. f −2 [ Fig. 5(b) ] reveals the physical processes behind Fig. 5(a) . Like the arrows in Fig. 3(b) , arrows in Fig. 5(b) suggest the following processes occur during current annealing [ Fig. 5(c) ]: (i) At the field A, the edge barrier is suppressed by the microwave current; consequently, vortices penetrate into the resonator. The number of newly injected vortices is not, however, enough to yield a notable change in the Meissner current.
(ii) At the field B, a large number of vortices penetrate and reduce Q; the Meissner current is expelled by the interaction with the newly injected vortices, resulting in the reduction of f −2 . (iii) At and above the field C, the number of vortices stays similar because the edge barrier is already completely suppressed by H ⊥ ; the Meissner current is expelled notably. This is due to the enhancement of the kinetic energy of existing vortices by the microwave current, or a "shaking" of the vortices. The displacement of vortices during the shaking expels the Meissner current. 
V. CONCLUSION
In conclusion, we explored magnetic hysteresis in a superconducting microstrip resonator with a high edge barrier. We analyzed two types of magnetic hysteresis effects: one appears while sweeping a perpendicular magnetic field, and the other appears while tuning the edge barrier by high microwave current (current annealing). We found that the hysteresis in a device with a high surface barrier is qualitatively different from that in the strong pinning limit and can be understood based on the generalized critical-state model. In particular, we revealed the physical processes behind magnetic hysteresis using a plot of Q vs. f −2 . By doing this, we found that the interplay between the Meissner current and vortex pinning is crucial for understanding hysteretic behaviors. We believe our method is applicable to other planar superconducting resonators.
